In order to investigate the mechanisms of final maturation and capacitation of spermatozoa in Pecten maximus, we used a 2D proteomic approach coupled with MALDI-TOF/TOF mass spectrometry (MS) and bioinformatics search against the Pecten database, to set up a reference map of the proteome of spawned spermatozoa, and identified 133 proteins on the basis of the EST database. These proteins are mainly involved in energy production, ion and electron transport (44%), cell movement (22%) and developmental processes (10%). Comparison between proteomes of spermatozoa collected before and after transit through the genital ducts of P. maximus led to the identification of differentially expressed proteins. Most of them are associated with energy metabolism (aconitate hydratase, malate dehydrogenase, glyceraldehyde-3-phosphate dehydrogenase), indicating important modifications of energy production during transit in gonoducts, potentially linked with acquisition of sperm motility. Three proteins involved in cell movement (Tektin-2, tubulin and microtubule-associated protein RP/EB family member 3) were down-regulated in spermatozoa stripped from the gonad. 40S ribosomal protein SA, involved in maturation of 40S ribosomal subunits, was also found to be down-regulated in spermatozoa obtained by induced spawning, suggesting reduction of the efficiency of RNA translation, a characteristic of late spermatozoon differentiation. These results confirm that maturation processes of P. maximus spermatozoa during transit through the gonoduct involve RNA translation, energy metabolism and structural proteins implicated in cell movement. Spermatozoa maturation processes clearly differ between P. maximus and gonochoric or alternately hermaphroditic bivalves, potentially in relation to reproductive strategies: the final maturation of the spermatozoon along the genital tract probably contributes to reduction of autofertilization in this simultaneously hermaphroditic species.
Introduction 74
75
In animal species, spermatozoa collected in the testis are morphologically complete 76 but generally immotile and unable to fertilize an oocyte. The initiation of motility relies 77 on processes occurring during transit in genital duct. During this transit, spermatozoa 78 undergo discrete modifications controlled by the environment in the reproductive 79 tract. For external fertilizer, transit through male gonoduct and release in water led to 80 initiation of motility allowing subsequent activation and chemotaxis of spermatozoa 81 towards oocytes (Morisawa & Yoshida, 2005) . The existence of capacitation 82 processes leading to initiation of spermatozoa motility and fertility has been 83 demonstrated in various bivalve species exhibiting external fertilization and factors 84 that inhibit and stimulate sperm motility have been investigated: for the Pacific oyster 85
Crassostrea gigas, sperm capacitation takes place by simple dilution of spermatozoa 86 in sea water. Subsequently, for this species, spermatozoa collected in the mature 87 gonad of male specimens using scarification procedure (or stripping) may be easily 88 activated, facilitating the realisation of controlled fertilizations in hatcheries. In the 89 pearl oysters, an alkaline treatment is required to activate testis-collected 90 spermatozoa. Ohta et al. (2007) observed that spermatozoa of Pinctada fucata 91 martensii obtained by dissecting testis and diluted in sea water containing 2.0 mM 92 NH3 at pH 9.4 become motile after only 30 s. Moreover serotonin and potassium 93
were also found to induce initiation of sperm motility in various species of marine 94 bivalve molluscs (Ruditapes philippinarum, C. gigas and Patinopecten yessoensis) 95 (Alavi et al., 2014) . Some authors suggested that the artificial activation of 96 spermatozoa by those various treatments may mime the effect of substances that 97 would be delivered in seminal fluid during transit of gametes in genital ducts (Demoy-98 Schneider et al., 2012) .
99
The king scallop Pecten maximus is a simultaneous hermaphrodite species, 100 spawning sequentially male and female gametes through the same terminal genital 101 duct (Barber & Blake, 2006) . This situation is also observed in other simultaneous 102 hermaphrodite pectinids (e.g., Argopecten purpuratus and Pecten irradians) 103 (Martinez et al., 2007) , both sperm and oocytes are emitted from the gonad via a 104 common gonoduct. For P. maximus, spermatozoa may be activated in sea water 105 only if they have previously transited through genital ducts (Faure, Devauchelle & 106 Girard, 1994) and spawning may be artificially induced by serotonin or heat 107 treatment. This observation suggests that for pectinid species, transit through genital 108 duct is necessary for final maturation of spermatozoa and subsequent capacitation.
109
However knowledge of sperm maturation and capacitation process is limited in 110 bivalve species.
111
Maturation of spermatozoa through genital ducts has been mainly investigated in 112 mammals in order to understand the processes occurring during transit along the 113 epididymal tubule. The maturation is controlled by extracellular factors from the 114 epididymal environment. Mature spermatozoa then acquire the ability to fertilize a 115 mature oocyte in the female reproductive tract. Proteins are key elements of these 116 capacitation processes. It is now established that no nuclear transcription occurs in 117 ejaculated spermatozoa and that translational activity is reduced but some authors 118 demonstrated that some protein synthesis occurs during capacitation (Gur & 119 Breitbart, 2008) . Moreover, post-translational protein modifications including N-linked 120 glycosylations, phosphorylations or ubiquitination are involved in the process as well 121 as membrane trafficking of proteins (reviewed by Amaral et al., 2013) . In mammals, 122 the mechanisms of maturation and capacitation were largely investigated because of 123 their contribution to spermatozoa fertility (Aitken & Nixon, 2013; Aitken et al., 2007; 124 Ashrafzadeh, Karsani & Nathan, 2013) . Proteomic studies based on protein 125 electrophoresis and excising the proteins out of the gels for MS analysis is currently 126 used to identify proteins from spermatozoa (reviewed by Oliva, De Mateo & 127 Estanyol, 2009 ). The identified proteins related to sperm quality are categorized in 128 energy related enzymes in mitochondrial and glycolytic pathways, structural proteins 129 mainly of acrosome and activating signal transducers (Siva et al., 2010; Martinez-130 Heredia et al., 2008; Liao et al., 2009 ).
131
Comparative proteomics using 2D-Page electrophoresis coupled with mass 132 spectrometry should be of great interest to understand the processes of maturation 133 and capacitation in the scallop and to compare these processes with other molluscan 134 species. In invertebrates, some proteomic approaches have also been developed 135 recently to identify the proteins involved in sperm maturation. In bivalve species, 136 proteins of C. gigas and Mytilus galloprovincialis spermatozoa have been recently 137 analyzed (Huang, Liu & Huan, 2015; Zhang et al., 2015) and the ones involved in 138 spermatozoon maturation were identified in the oysters C. gigas (Kingtong et al., 139 2013) . The recent development of a transcriptomic database for P. maximus enabled 140 us to establish the proteome map of the scallop spermatozoa. Additionally, the 141 proteomic-based comparison between spawned spermatozoa and spermatozoa 142 collected in the gonad before spawning will be used to identify proteins differentially 143 expressed between both types of sperm. Their potential involvement in processes of 144 maturation/capacitation of the spermatozoon is discussed hereafter.
146
Material and method 147 148
Broodstock conditioning 149
The P. maximus collected from the bay of Brest (Finistère, France) were conditioned 150 in the Argenton Hatchery (Ifremer) in order to obtain breeders, using the standard 151 protocol described in Suquet et al. (2013) .
153
Sperm collection 154
At the end of broodstock conditioning, animals (n=4) were induced to spawn by 155 injecting 100 µL of serotonin (10 mM) in the male part of the gonad. Animals were 156 then placed in individual beakers containing 500mL filtered sea water (FSW) until 157 sperm emission. Spermatozoa were emitted after approximately 30 min.
158
Spermatozoa were individually collected by centrifugation (700 g, 15°C, 10 min). The 159 pellets were frozen (-80°C) until protein extraction was performed. 160 161
Stripped spermatozoa were individually collected from breeders (n=3) after opening 162 of the animals and dissection of the male part of the gonad. Male gonads were 163 scarified and resuspended in 5mL of FSW. They were then deposited onto a 164 discontinuous Percoll gradient (80%, 60%, 40%) in order to isolate spermatozoa 165 from other cell types present in the gonad (germ line cells and somatic cells Neurotensin, ACTH clip (1-17), ACTH clip (18-39), and mass precision was greater 237 than 50 ppm. After tryptic digestion, the dry sample was resuspended in 10 µL of 238 0.1% TFA. A 1 μl volume of this peptide solution was mixed with 10 µL volumes of 239 solutions of 5 mg/ml CHCA matrix prepared in a diluant solution of 50% ACN with 240 0.1% TFA. The mixture was spotted on a stainless steel Opti-TOF™ 384 target; the 241 droplet was allowed to evaporate before the target was introduced into the mass 242 spectrometer. All acquisitions were taken in automatic mode. A laser intensity of 243 4300 was typically employed for ionizing. MS spectra were acquired in positive 244 reflector mode by summarizing 1000 single spectra (5 × 200) in the mass range 700 245 to 4000Da. MS/MS spectra were acquired in positive MS/MS reflector mode by 246 summarizing a maximum of 2500 single spectra (10 × 250) with a laser intensity of 247 4500. For the tandem MS experiments the acceleration voltage applied was 1kV and 248 air was used as the collision gas. Gas pressure medium was selected as settings.
249
The fragmentation pattern was used to determine the sequence of the peptide.
250
MS/MS data files were used to query the Pecten EST database using the Mascot 251 algorithm (Mascot server v2.2.04; http://www.matrixscience.com). The P. maximus 252 database, containing a total of 60,180 annotated contigs was obtained by 253 assembling Roche 454 and Illumina sequencing reads (EU project REPROSEED).
254
The variable modifications allowed were as follows: K-acetylation, methionine 255 oxidation, and dioxidation. "Trypsin" was selected as enzyme, and three 256 miscleavages were also allowed. Mass accuracy was set to 100ppm and 0. Fig. S1 ). However, the gonoduct sections 273 of serotonin-induced animals (spawned) and unspawned animals differ in their 274 aspect: spawned animals exhibit gonoduct containing spermatozoa while the others 275 have empty gonoducts. 276 277
Reference map of P. maximus stripped spermatozoa 278 279
A reference map was established with 750µg of total protein extracted from 280 stripped spermatozoa of P. maximus using 18cm IPG strips allowing high resolution 281 of protein map ( Fig. 1 ). One hundred sixty two spots were submitted to MS/MS 282 analysis and 133 proteins (82%) were identified on the basis of EST database from 283 P. maximus (Table 1 ). The proteins were putatively identified according to gene 284 ontology as shown in Figure 2 . Most of them (44%) were annotated as performing 285 energy production, ion or electron transport whereas other proteins were classified 286 as involved in cell movement, development process, transcription/biogenesis, 287 proteasome, oxidoreductase process, apoptotic process and as unclassified 288
proteins.
290
Differentially expressed proteins between stripped and spawned 291 spermatozoa of P. maximus 292 293
To understand the differences between fertile sperm obtained by serotonin-294 stimulated spawning and unfertile sperm collected in the gonad by scarification a 295 comparative proteomic approach was used in this research. The proteome profiles of 296 stripped and spawned spermatozoa were established and compared (Fig. 3 ). Both 297 profiles looked very similar. Comparing these profiles produced a list of up and down 298 regulated proteins in stripped spermatozoa. The identification of those proteins 299 (name and putative functions) is provided in Table 2 . 300 301
Discussion 302 Among the 133 proteins found in scallop spermatozoa, the most abundant are 303 involved in energy production, ion or electron transport which can be broken down 304 into three major classes according to their metabolic function. The first class 305 proteins, is involved in glycolysis or tricarboxylic acid cycle. Examples of proteins 306 belonging to this class are aconitate hydratase (spots B4-B5), fructose-bisphosphate 307 aldolase (spot B38), citrate synthase (spots B30-B31), succinate dehydrogenase 308 (spots A12-A13-A14), glyceraldehyde-3-phosphate dehydrogenase (spot D2). The 309 second class of proteins involved in energy production is the lipid metabolism 310 proteins which function in fatty acid beta-oxidation. Proteins such as acyl-CoA 311 dehydrogenase (spots B36-B47), enoyl-CoA hydratase (spot D31), delta(3,5)-312 delta(2,4)-dienoyl-CoA isomerise (spot D24) belong to this class. The third class is 313 ion or electron transport proteins such as ATP synthase (spots A20-B22-B26-C11-314 C17-D15-D18-D36-D43), cytochrome c oxidase (spot C20), NADH dehydrogenase 315 (spots A31-A33-A34-B23-C15-D42), cytochrome b-c1 complex (spots A24-A33). The 316 high number of proteins (45 protein spots) involved in energy production/ion or 317 electron transport found in spermatozoa of P. maximus seems to correlate with the 318 high energy requirement for sperm motility. Indeed sperm movement duration is 319 generally long for bivalve species, as compared to what is observed in vertebrates, 320 reaching 10 hours in P. maximus (Suquet et al., 2013) . Some authors suggest that 321 scallop sperm could partially restore the energy content catabolised during 322 movement time (Faure et al., 1993 The number of up regulated proteins in spawned spermatozoa is quite 330 important considering the short process of the transfer through the germinal tract and 331 the low translation level in spermatozoa. However, it should be noticed that up and 332 down regulation of proteins may reflect the effects of post-translational modifications. 333
Moreover, 2-D gel electrophoresis allowed the separation of different modified forms 334 of protein such as phosphorylations or glycosylations (Seo & Lee, 2004) .
335
The proteome profiles of stripped and spawned spermatozoa led to 336 identification of differentially expressed proteins. Most down-regulated proteins in 337 the stripped spermatozoa, such as Tektin-2, tubulin and MAPRE3 are associated 338 with energy metabolism and cell movement. Tektin-2, the protein involved in cell 339 movement, has been found to be required for normal flagellum structure and function 340 in mouse (Shimasaki et al., 2010) . Tektins are conserved components of the flagellar 341 proteins and are co-assembled with tubulins to form flagellar axonomes and 342 centrioles (Amos, 2008) . The flagellum bending and shortening found in Tektin-2 null 343 sperm is due to the dynein inner arm disruption (Shimasaki et al., 2010) . In immotile 344 human spermatozoa, lower levels of tektin-2 are also related with decreasing sperm 345 motility and fertilization rates (Bhilawadikar et al., 2013) . Interestingly, Tektin-2 was 346 also found to be up-regulated in mature spermatozoa of C. gigas (Kingtong et al., 347 2013) . One of three cytoskeletal proteins present in the head of mammalian 348 spermatozoa is tubulin, the main component of microtubles (Dvoráková et al., 2005 correlates with Faure's observation that the motility of scarified spermatozoa directly 359 from gonad was lower than that of the spawned ones (Faure et al., 1993) . 360
Other differentially expressed proteins are linked to mitochondrial energy 361 metabolism and could be correlated to the energy and ATP content of spermatozoa 362 in P. maximus. Aconitate hydratase, an enzyme of the tricarboxylic acid cycle that 363 catalyzes the isomerization of citrate to isocitrate, was down-regulated in scallop 364 stripped spermatozoa, whereas this protein was up-regulated in C. gigas stripped 365 spermatozoa, together with a success in fertilization (Kingtong et al., 2013) . This 366 main difference between both molluscan species may be related to the different 367 fertility levels observed between stripped oyster spermatozoa and stripped Pecten 368 spermatozoa. Moreover, both species exhibited strong differences in ATP 369 management associated to sperm movement, as described by Suquet et al. (2013) , 370 possibly related with aconitate hydratase expression level. 371 372
One of the up-regulated proteins in stripped scallop spermatozoa is 373
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH), the enzyme that catalyses 374 the conversion of glyceraldehyde-3-phosphate to D-glycerate-1,3-bisphosphate in 375 the sixth step of the glycolysis pathway. Sharma et al. (2013) (Kohsaka et al., 1992; 385 Auger et al., 2010) . This respiratory enzyme, mitochondrial malate dehydrogenase, 386 (MDH2) was found to be significantly overexpressed in human spermatozoa under 387 oxidative stress (Sharma et al., 2013) . Thus, up-regulation of the GAPDH and MADH 388 enzymes implies that some oxidative stress or cell apoptosis found in stripped 389 scallop spermatozoa may reflect a stress of the cell in response to the stripping 390 procedure and could also be involved in infertilization. 391 392
The 40S ribosomal protein SA is also up-regulated in stripped spermatozoa.
393
This protein is required for the assembly and/or stability of the 40S ribosomal 394
subunit. This protein may also function as a laminin receptor after post-translational 395 modification and was already identified in another scallop Chlamys Farreri (Sun et 396 al., 2014) . As mature spermatozoa were supposed to be translationally inactive 397 (Dacheux & Dacheux, 2014) , the diminishing level of this protein between stripped 398 and spawn spermatozoa suggests the possible reduction of translation capacities, a 399 characteristic of late spermatozoon differentiation. Moreover, this observation 400
indicates that in P. Maximus, this late maturation step takes place during the transit 401 of gametes through the genital duct. 402 403
In conclusion, proteomes of stripped and spawned spermatozoa of P. 404 maximus differ by expression of proteins mainly involved in motility and energy 405 supply for the spermatozoon. Moreover, some proteins implied in stress reactions 406 are more expressed in stripped spermatozoa. The results confirmed that during the 407 transit of spermatozoa through the genital tract, a late maturation step occurs, 408 allowing spermatozoa to acquire an energetic pathway and structural proteins crucial 409 for the final capacitation step. In that respect the maturation pattern of the 410 spermatozoa appeared different according to the bivalve species considered: in the 411 oyster C. gigas, late differentiation of spermatozoa occurs in the gonad and seems to 412 involve a different energy production mode (Shimasaki et al., 2010 by IEF on IPG strip pH 3-10NL, second dimension on 10% SDS-PAGE 7 cm gels). 592
Up-regulated proteins (underlined) and down-regulated proteins (not underlined) in 593 stripped spermatozoa are localised in the gel. Details of protein identification are 594 shown in Table 2 . 595 596 597 Proteins were extracted and separated (first dimension by IEF on IPG strip pH 3-10NL, second dimension on 10% SDS-PAGE 7cm gels). Up-regulated proteins (underlined) and down-regulated proteins (not underlined) in stripped spermatozoa are marked up in the gel. Details of protein identification are shown in Table 2 .
